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Chapter 1 
 
General introduction 
 
 
1.1 Research background 
 
Water polluted with heavy metals from various associated industries has 
become a serious environmental problem for many years.  Heavy metals are not 
biodegradable and hence accumulating in water body and aquatic creatures therein.  
They can easily enter the food chain because of their high solubility in water.  
Excessive consumption of these sources can cause a number of illnesses such as 
diarrhea, nausea, brain disorders, liver and renal dysfunctions, and cancers [1].  Thus, 
it is essential to remedy metal-contaminated effluents before they are discharged into 
the environment.   
Adsorption can be described as a mass transfer process by which a desired 
substance (adsorbate) is transferred from the liquid phase to the surface of a solid 
(adsorbent), and becomes bound by a physical or chemical attraction [2].  Adsorption 
has become a preferred choice than other techniques of heavy metal remediation due 
to its simplicity, cheap, easy to scale-up and most importantly able to remove low 
concentration substance even at part per million levels with high efficiency [2, 3].  
The benefits of other physico-chemical processes are outweighed by a number of 
drawbacks.  Significant disadvantage of chemical precipitation, for instance, includes 
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the production of sludge containing high concentration of heavy metals, which must 
be treated prior to disposal to prevent heavy metals from leaking back to the 
environment [3].  Limitations of other physico-chemical treatments are given in Table 
1.1 below [3]. 
 
Table 1.1 Physico-chemical treatments for heavy metals-contaminated water  
Method of treatment Disadvantage 
Chemical precipitation 
Slow process, poor settling, sludge production, high operating and 
handling costs for chemicals used and sludge treatment prior to 
disposal. 
Coagulation-flocculation 
Sludge generation, high operational costs due to high chemicals 
consumption and sludge disposal. 
Dissolved air flotation High operating cost, imperfect removal performance. 
Membrane filtration 
Membrane fouling, high operating and maintenance costs, high 
energy consumption. 
Ion-exchange 
Low surface area, high capital cost, varying metal removal ability 
of different resins, difficult to scale-up. 
Electrochemical 
treatments 
High operational cost, need periodic maintenance, high energy 
consumption. 
 
The most widely used adsorbent to accomplish the adsorption process is 
activated carbon (AC).  AC is a complex and heterogeneous material with unique 
adsorption characteristics.  It has a remarkable capacity for the adsorption of a wide 
variety of organic and inorganic compounds [2].  Adsorption of metal ions onto AC is 
mainly influenced by its physical and chemical characteristics which include surface 
area, pore volume and surface functionalities.  Research findings indicate that metal 
ions can be bound to the surface of AC through a number of mechanisms, such as ion-
exchange [4-6], surface-complex formation [5-7], Cπ-cation interactions [4, 8] and 
coordination to functional groups [9, 10]. 
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Commercial AC, however, suffers from a number of disadvantages.  Some of 
AC precursors like coal and petroleum pitch are non-renewable, while regeneration of 
spent AC is also relatively expensive.  While the global demand of AC is forecasted 
to be around 5-10 % a year [11], the steep price increase would also be anticipated for 
AC.  The price of coal-based AC, for example, has risen up to 80 % between 2007 
and mid-2008 [11].  Market price of some commercial ACs in Japan as per December 
2009 is given in Table 1.2 (prices are quoted directly from the manufacturers).   
 This recent scenario has brought about searches for new alternative materials 
that are abundantly available and low cost to substitute the non-renewable and highly 
expensive commercial AC [12-15].  In this study, a waste residue rich in nitrogen 
content will be converted into ACs.  Their metal-binding capacities will be 
characterized and correlated with the extent of nitrogen content.    
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Table 1.2 Some commercial activated carbons in Japan 
Commercial name Manufacturer Raw material Market price (JPY/kg) 
F400 Calgon Mitsubishi Chemical Corporation Coal 860 
W10-30 Calgon Mitsubishi Chemical Corporation Coconut shell 860 
S60 Calgon Mitsubishi Chemical Corporation Coal 860 
LG-20S Ebara Corporation Coal 600 
LG-10S Ebara Corporation Coconut shell 600 
X7000H Japan EnviroChemicals, Ltd. Coal 1200 
X7100H Japan EnviroChemicals, Ltd. Coal 1250 
A-BAC Kureha Corporation Petroleum pitch 3675 
R1 Norit Japan Company Ltd. Wood 1000 
Hydrodarco3000 Norit Japan Company Ltd. Lignite coal 570 
PK1-3 Norit Japan Company Ltd. Peat 750 
SAE Super Norit Japan Company Ltd. Bituminous coal 550 
GAC830W Norit Japan Company Ltd. Bituminous coal 480 
ACW8-32 Serakem Corporation Coal 780 
BCW8-32 Serakem Corporation Coconut shell 720 
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1.2 Rationale 
 
Quest for alternative candidates for AC has become a topic of considerable 
interests for the past 20 years [12-15].  An interesting new starting material under this 
category is cattle-manure-compost (CMC) [16].  CMC is a residue of temperature-
phased anaerobic digestion for methane generation.  It is readily abundant and can be 
regarded as a waste product with no commercial value, thus making it a suitable 
choice for low-cost AC.  CMC is available almost free of cost while the cheapest 
variety of commercial AC in Japan costs about JPY 500/kg.  However, accurate cost 
comparison between commercial ACs and CMC based activated carbon (CMC-AC) is 
rather impossible due to many cost components such as construction, operational and 
maintenance that are absent in the preparation of CMC-AC on the laboratory basis. 
  Japan produces nearly 9100 million tons of domestic animal manure annually 
[16].  Without a proper disposal method, the livestock waste can become a source of 
pollution and threat to public health and environment.  It should be noted that CMC is 
not suitable to be used as fertilizer because of low nutrient content, and abundant in 
cellulose, hemicellulose and lignin [16].  Lignocellulosic biomass is known difficult 
to be digested to a lesser degree in composting [16].  Other means of manure 
disposals such as incineration and land filling are expensive to be considered.  
Conversion of CMC into AC is the best possible strategy because it can prevent the 
associated pollution problems.  Moreover, the resultant product can be used for 
pollution control [19]. 
Conversion of CMC into AC was first described by Qian and co-workers 
using ZnCl2 activation [16].  An attractive point that distinguishes this material from 
other commercial ones is the nitrogen-rich content.  It was reported that the 
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composition of nitrogen in CMC-AC is nearly 6 times higher than the commercial 
Filtrasorb 400 (F400, Calgon Mitsubishi Chemical Corporation) [17, 18].  CMC-AC 
has been used to adsorb phenol, methylene blue [19] and water vapor [20], but no 
connection with the nitrogen-rich content was reported.  In this study, the relation 
between nitrogen-rich CMC-AC and heavy metals removal will be explored. 
The study of nitrogen functionalities of AC on the removal of metal ions is a 
relatively new subject.  A number of associated publications are also limited.  Jia et al. 
[9] and Biniak et al. [21] used heat treatment of ammonia atmosphere at 800-897 °C 
to increase 7.7 % nitrogen content of the commercial AC.  Biniak et al. [21] reported 
a greater adsorption capacity of Cu(II) by ammonia-treated AC at pH below 2, while 
Jia et al. [9] concluded that the presence of surface nitrogen functional groups 
markedly increase the removal of transition metal ions under neutral and basic 
conditions.  In other development, Yantasee and co-workers [10] reported the 
favorable removal of Cu(II) onto AC functionalized with amine.  Other researchers 
[22] also utilized amine-rich AC to increase the uptake of Hg(II).  Recently, Choi and 
Jang [23] showed the increase of metal ions adsorption onto polypyrrole-impregnated 
AC.  Coordination to metal species [9, 10] and formation of surface complexes [21] 
have been suggested as the main interaction between metal ions and nitrogen-rich 
surface. 
 In general, the above-cited literatures demonstrate a successful impregnation 
of foreign nitrogen functionalities and thus enhancing the metal ions adsorption.  
However, the impregnation procedures could be rather complicated [22, 23], may 
incur cost [10, 22, 23] and decrease the resultant yield [9, 21].  These drawbacks give 
a merit to CMC-AC because of the readily incorporated nitrogen content.   
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The results of metal ions removal by CMC-AC will be validated by using 
another nitrogen-rich precursor namely polyacrylonitrile (PAN) fiber.  A number of 
reports showed a superior performance of PAN-based activated carbon fiber (PAN-
ACF) in removing aromatics compounds [24, 25] and air pollutants [26, 27].  Jia et al. 
[9], and Xiao and Thomas [28] reported the enhanced removal of metal ions by CO2-
activated PAN powder.  Yet, there is a lack of information regarding the use of 
activated PAN in the fiber form for the removal of heavy metals in much of the 
published research.  Therefore, this study will also emphasize on the preparation of 
activated carbons from PAN fiber for the adsorption of metal ions. 
 
 
1.3 Objectives and scopes 
 
The goals of this research are to produce ACs rich in nitrogen content from 
their original precursors and to characterize their metal-binding ability in aqueous 
solutions.  Two commonly used metal salts for heavy metal ions adsorption, i.e., 
CuCl2·2H2O and PbCl2, are selected to model the aqueous solution. 
This study is emphasized on, 
1.  To examine the effect of de-ashing and out-gassing of CMC-AC on the adsorption 
of Cu(II) and Pb(II) ions. 
2.  To investigate the influence of ZnCl2 activation ratio of CMC-AC and solution pH 
on the removal of metal species. 
3.  To determine the role of oxidation treatment prior to steam activation of PAN fiber 
on the uptake of metal ions.       
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New contributions from this work are, 
1.  Characterization of heavy metals adsorption by CMC-AC, particularly on the role 
of nitrogen content. 
2.  Characterization of heavy metals removal by steam-activated PAN fiber, 
particularly on the role of oxidation treatment prior to steam activation.       
 
 
1.4 Outline of the thesis 
 
Chapter 1 provides the principal research background and quick review that 
related to this study.  Objectives, scopes and novel contribution are also included in 
this chapter. 
 In Chapter 2, CMC-AC is applied for the first time to remove Cu(II) and Pb(II) 
ions from aqueous solution.  The uptake capacity is compared to commercial AC, 
namely F400.  The influence of post-treatments is explored and discussed.  Removal 
mechanisms are proposed to visualize the metal ions removal onto the nitrogen-rich 
surface upon out-gassing.   
 Chapter 3 gives a further assessment on CMC-AC.  Here, the effects of 
activation ratio and solution pH are investigated.  Three widely used adsorption 
isotherms are used to characterize the different adsorption trends of Cu(II) and Pb(II) 
ions.  F400 is again employed for comparison purpose.  
 In Chapter 4, the extent of nitrogen-rich surface is further examined using 
activated carbons derived from PAN fiber.  Procedures to obtain different surface area 
and nitrogen content are described.  Two commercial ACFs, namely A-20 and    
W10-W are utilized to compare the removal performances.  Structural changes of 
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PAN are proposed to support the variation of nitrogen content during oxidation 
treatment and steam activation.     
 Finally, Chapter 5 concludes the whole thesis and discloses the 
recommendations for further work. 
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Chapter 2 
 
Effect of de-ashing and out-gassing of cattle-manure-
compost (CMC) derived activated carbons on 
adsorptive removal of metal ions 
 
 
Abstract 
A batch adsorption system was employed to develop the adsorption isotherms for 
Cu(II) and Pb(II) by cattle-manure-compost (CMC) derived activated carbons (CMC-
AC).  The Langmuir and Freundlich models were applied to describe the adsorption 
data.  The uptake performance of heavy metal ions onto ZnCl2-cattle-manure-compost 
was evaluated and compared with the commercially available activated carbon, F400.  
The Langmuir plots were well fitted to linear approximation, and the derived carbons 
showed a favorable adsorption more towards Cu(II) than Pb(II).  Adsorption capacity 
of copper by out-gassed CMC-ACs was better than that of out-gassed F400, though 
their performance was comparable prior to treatments.  Results proposed that nitrogen 
content of cattle-manure-compost was responsible for the preferable removal of 
copper over lead.       
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2.1 Introduction 
 
Heavy metal ions present in water are threat to human beings and ecosystem.  
They are released into water body from chemical industries such as metal finishing, 
battery manufacturing, etc., run-off from agricultural and forest land as well as in 
acidic leachate from landfill sites at high concentration.  Some of heavy metals 
associated with these activities are copper and lead.  Heavy metals are not 
biodegradable and tend to accumulate in living organism, thus causing various acute 
diseases and disorders.  The guideline values of copper and lead permissible in 
potable water as recommended by World Health Organization (WHO) are 2 and     
0.01 mg/L, respectively [1].   
The apparent impact of heavy metals to the environment has triggered for 
strong preventive engineering measures. For decades, removal of heavy metals in 
aqueous medium is achieved by a number of established processes such as 
precipitation by pH alteration, solvent extraction, reverse osmosis and electrochemical 
treatment [2].  However, these techniques are commonly expensive and possess 
imperfect performance when dealing with low metal concentration [2].  
Among others, adsorption remains the cheapest, effective and easy method.  
Application of activated carbon as adsorbent in wastewater treatment especially in the 
removal of heavy metals has been widely used due to its high specific surface area, 
rich in acidic functional groups, chemically stable and highly durable [3].  Despite 
prolific utilization, commercial activated carbon suffers from high price and difficult 
to regenerate [4].  In this regard, search for suitable alternative of low-cost and 
abundantly available carbonaceous material is now become a topic of considerable 
interest [5]. 
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Many attempts to convert carbonaceous materials into activated carbon for 
heavy metals removal have been reported in the literature [6].  These include pecan 
shell [7], apricot stone [8], coconut shell [9], peanut shell [10], wheat bran [11], 
coconut and seed shells of palm tree [12], rubber wood sawdust [13], rice husk [14] 
and corncob [15].  Activating agents comprise steam, CO2, ZnCl2, H2SO4 and H3PO4, 
KOH and NaOH [6].  It has been reported that activation using ZnCl2 demonstrates a 
small weight loss during the carbonization process [16].   
Few researchers also utilize animal waste for the same reason [17].  Lima and 
Marshall [17] reported the removal of copper by steam-activated broiler and turkey 
manures that can reach as high as 1.92 and 1.86 mmol/g, correspondingly.  There is 
no reference to work concerning the use of ZnCl2-activated cattle-manure-compost for 
heavy metals removal.  Advantage of utilizing cattle-manure-compost (CMC) as 
activated carbon is not only revolving around its low economic value, but also can 
stop other environmental problems due to the various means of waste disposal [18]. 
The objective of this chapter is to investigate the adsorption ability of 
activated carbons prepared from cattle-manure-compost (CMC-ACs) and to develop 
the equilibrium isotherm with respect to the uptake of copper and lead ions from 
aqueous solution.  The broadly used Langmuir and Freundlich models were utilized to 
describe the equilibrium data.  The performance of CMC-ACs was compared with the 
commercial activated carbon, Filtrasorb 400 (F400).  In addition, the influence of de-
ashing (DA) and out-gassing (OG) the activated carbons on the removal of heavy 
metals was also studied.  Results obtained and possible mechanisms governing the 
adsorption of heavy metals by CMC-ACs were discussed. 
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2.2 Materials and methods 
  
All chemicals are of analytical-reagent grade purchased from Kanto Chemical 
Co., Inc.  Stock solutions of simulated wastewater were prepared by dissolving the 
respective weight of copper(II) chloride dehydrate (CuCl2·2H2O) and lead(II) chloride 
(PbCl2) in de-ionized water.  The solutions were consecutively diluted to obtain the 
desired concentrations of copper and lead for batch isotherm tests; 0.02-2 mmol/L for 
copper and 0.008-0.27 mmol/L for lead.  The initial solution pH was not adjusted and 
was measured as 5.2 ± 0.3.       
 
 
2.2.1 Preparation of activated carbon 
 
Cattle-manure-compost (CMC), a waste residue from methane generation, 
used in this study was received from JFE Corporation, Japan.  Procedures employed 
to convert CMC into activated carbon via one-step chemical activation using ZnCl2 
have been described elsewhere [18].   
Two activated carbons treated by ZnCl2 in different ZnCl2:CMC weight ratios 
were produced, i.e., 0.5 and 1.5; later defined as CZ0.5 and CZ1.5 correspondingly.  
Schematic representation of experimental setup is shown in Fig. 2.1.   
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Figure 2.1 Principle components for one-step chemical activation. 
 
Carbonization was carried out under the N2 flow of 300 mL/min at 500 °C for 1 h, 
while the heating rate was ramped-up at 37 ± 0.3 °C/min.  The resultant carbons were 
then soaked in a 3 M HCl solution and heated at 90 °C for 1 h to partially remove ash 
and minerals.  Thereafter, they were filtered and repetitively washed with de-ionized 
water to remove residual acid until no pH change could be detected.  Lastly, the 
carbons were dried overnight in an oven at 115 °C prior to be used as adsorbents.   
 
 
2.2.2 Characterization of activated carbon 
 
The pH value of activated carbon was estimated using the Japanese Industrial 
Standard, JIS Z 8802 [19].  Three grams of activated carbon were soaked in a 100 mL 
of de-ionized water, boiled for 5 min, and the pH was immediately measured using a 
HORIBA potable pH meter once the solution cooled to room temperature.   
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Analysis of the pH of the point of zero charge (pHPZC) was determined using 
the pH drift method [20].  Conical flasks, each containing 50 mL of 0.1 M NaCl were 
prepared.  The pH of the solution was adjusted between 2 and 12 by adding             
0.1 M HCl or 0.1 M NaOH.  Subsequently, 0.1 g of activated carbon was added in 
each conical flask, agitated at 100 rpm and 25 °C for 24 h.  By plotting a curve of 
final pH against initial pH, the value of pHPZC can be obtained where the final pH 
equals the initial pH. 
Surface chemistry of activated carbon was evaluated by the Boehm titration 
method [21, 22].  Different batches of 0.3 g of activated carbon were brought into 
contact with 15 mL solutions of NaHCO3 (0.1 M), Na2CO3 (0.05 M), NaOH (0.1 M) 
and HCl (0.1 M), using a mechanical agitator at 100 rpm and 25 °C for 48 h.  Then, 
the aliquots of each sample were back-titrated with HCl (0.1 M) and NaOH (0.1 M) 
for acidic and basic groups, respectively.  Neutralization points were observed using 
pH indicators, i.e., phenolphthalein solution for titration of strong base with strong 
acid and methyl red solution for titration of weak base with strong acid.  The amount 
of each functional groups was calculated with assumptions that NaHCO3 neutralizes 
only carboxylic groups, Na2CO3 neutralizes carboxylic and lactonic groups, and 
NaOH neutralizes carboxylic, lactonic and phenolic groups, while HCl neutralizes 
basic groups [22].       
Determination of specific surface area and pore volume of activated carbon 
was carried out using a Beckman Coulter SA3100 surface area analyzer (USA) at 
liquid nitrogen temperature (-196 °C).   
Activated carbon samples were also sent to Chemical Analysis Centre of 
Chiba University for elemental analysis.  The measurement was performed twice 
using a Perkin-Elmer PE2400 microanalyzer. 
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2.2.3 Adsorption studies 
 
The isotherm experiment was conducted using the so-called bottle-point 
technique (batch adsorption).  Same experiment was carried out in triplicate and also 
by using a new production of CMC-ACs to ensure a good reproducibility of data. 
Fixed carbon dosage of 0.03 g was mixed with a 50 mL metal containing solution of 
known concentration in conical flask.  The mixture was allowed to equilibrate for    
48 h at 100 rpm and 25 °C.  Then, the supernatant was removed and added with a few 
drops of 0.1 M HCl to stabilize the metal ion species.  The metal concentration was 
measured using an atomic absorption spectroscopy model Rigaku novAA 300.   
Equilibrium uptake of heavy metals was calculated using the following 
equation, 
V
m
CCq eoe 

 −=    (2.1) 
where qe (mmol/g) is the adsorption capacity, Co and Ce are respectively the initial and 
equilibrium concentrations (mmol/L) of metal ions in solution, m (g) is the adsorbent 
weight and V (L) is the volume of solution.   
As-received commercially available activated carbon, F400, purchased from 
Calgon Mitsubishi Chemical Corporation was utilized as a benchmark for 
performance comparison with ZnCl2-activated CMC. 
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2.2.4 Post-treatment procedures 
 
Activated carbons were carefully mixed with 22.7 M HF in a plastic beaker for 
24 h, decanted and thoroughly washed with de-ionized water until the solution pH 
was no longer changed.  The dried adsorbents were designated as de-ashed (DA) 
carbons indicating the complete removal of ash content, 0.000 % for both CZ0.5 and 
CZ1.5, and 0.077 % for F400, without altering the physical properties of activated 
carbon.   
Defined amount of DA carbons underwent the out-gassing procedure to strip 
almost all surface functional groups by using a tubular furnace under the flow of high 
purity helium gas (> 99.9995%) at 1000 °C for 1 h.   The resultant samples were 
designated as de-ashed and out-gassed (DAOG) carbons.  Schematic illustration of 
out-gassing process is given in Fig. 2.2. 
 
 
Figure 2.2 Principle components for out-gassing procedure. 
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2.3 Results and discussion 
 
 
2.3.1 Characteristics of activated carbon 
 
Fig. 2.3 shows the N2 adsorption-desorption isotherms of activated carbons.  
Both CZ0.5 and CZ1.5 isotherms are convex against Ps/Po axis and reach a plateau as 
Ps/Po approaching unity.  The adsorption and desorption branches are parallel starting 
at a relative pressure well below 0.5 onwards. 
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Figure 2.3 N2 adsorption-desorption isotherms of activated carbons.  Closed 
symbols represent the adsorption branch, open symbols represent the desorption 
branch. 
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According to IUPAC classification [23], these carbons depict type I isotherm with a 
small type H4 hysteresis, demonstrating a narrow pore size distribution and a 
relatively small external surface of microporous material with plate-like pores.   
Similar trend as CZ0.5 is also observed for F400.  However, there is a slight 
increase of volume of nitrogen adsorbed at high relative pressure for F400, indicating 
a greater amount of mesopores [23].  It is obvious in Fig. 2.3 that the increase of 
ZnCl2:CMC weight ratios from 0.5 to 1.5 lead to an increase of pore volume of CMC-
AC.  A higher amount of ZnCl2 used for activating CZ1.5 is expected to broaden the 
present micropores due to its dehydrating effect, thus giving a bigger pore volume so 
as enlarging the surface area and mesopore content.   
Table 2.1 gives the physical properties of activated carbons.  CZ0.5 and CZ1.5 
show identical yield of about 42 %, regardless the amount of ZnCl2 used for 
activation.  Yield was calculated as the weight of resultant activated carbon divided 
by the weight of dried CMC.   
 
Table 2.1 Physical characteristics of activated carbons 
 
SBET: BET surface area, Smi: micropore surface area, Vtotal: total pore volume, Vmi: micropore 
volume, Rme: mesopore content, Davg: average pore width. 
Characteristics CZ0.5 CZ1.5 F400 
ZnCl2/CMC ratio 0.5 1.5 - 
Yield (%) 42.1 41.4 - 
pH 3.3 3.3 6.4 
pHPZC 3.9 3.9 7.6 
SBET (m2/g) 987 1830 1090 
Smi (m2/g) 879 655 858 
Vtotal (mL/g) 0.518 1.07 0.661 
Vmi (mL/g) 
Rme (%) 
0.397 
23.4 
0.266 
75.1 
0.380 
42.5 
Davg (nm) 2.10 2.34 2.42 
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Values of surface area and pore volume in Table 2.1 are well related with the 
explanation of IUPAC classification [23].  The highest BET surface area and 
mesopore content are recorded by CZ1.5, while CZ0.5 and F400 showed similar 
characteristics.  The pore widths of these activated carbons are within the lower limit 
of mesopores ranging from 2.1 to 2.4 nm [24]. 
The plots to determine the pH of the point of zero charge (pHPZC) are shown in 
Fig. 2.4, and the respective values are summarized in Table 2.1.    These values are 
defined as the pH at which the net surface charge equals to zero.   
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Figure 2.4 pH of point zero charge for activated carbons. 
 
It is well understood that the ionizable functional groups on the surface of activated 
carbon can gain or lose protons, depending on the equilibrium pH.  The surface sites 
are protonated and turned out to be positively charged at pH < pHPZC, while the 
ionizable groups tend to lose their protons and the surface becomes negatively 
charged when pH > pHPZC.  
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Results of Boehm titration and elemental analysis are compiled in Table 2.2.  
CMC-ACs contain both acidic and basic functional groups on their surface, and their 
concentrations are almost identical.  It shows that, the concentration of total acidic 
groups of CMC-ACs is 35 % greater than that of F400, in which the carboxylic group 
is tenfold of magnitude higher.  Notwithstanding that, the concentration of basic 
groups of F400 is about twice as that of CMC-ACs.  It is suggested that, the basic 
groups of activated carbon are attributed to electron-donating characters and 
delocalized π-electrons on the basal planes of graphene layers that could behave as 
Lewis bases [25]. 
Generally, these results are supported by the fact that CMC-ACs showed a 
lower value of solution pH than F400 as indicated in Table 2.1.  This is probably due 
to their abundant acidic structures that hydrolyze and release H+, thereafter creating a 
more acidic environment.   
All carbons used in this study show a similar composition of carbon.  The 
proportion of nitrogen in CMC-ACs, however, is higher than the commercial 
activated carbon.  It is worth mentioning that the nitrogen content of CMC (C: 46.5 %, 
H: 5.66 %, N: 1.33 %) and its derived activated carbons was not changed very much 
after the carbonization process.  This is a great importance of CMC-ACs that will be 
discussed in a latter section.  
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Table 2.2 Surface properties and compositions of activated carbons 
Surface functional groups (mmol/g)  Elemental composition (wt%) 
Carbon 
Carboxylic Lactonic Phenolic Total acidic Basic Sum  Carbon Hydrogen Nitrogen Oxygena Ash 
CZ0.5 0.390 0.120 0.570 1.08 0.134 1.214  80.4 1.72 1.98 14.1 1.79 
CZ1.5 0.400 0.100 0.590 1.09 0.172 1.262  84.2 1.70 1.80 10.3 1.93 
F400 0.040 0.050 0.305 0.395 0.363 0.758  84.4 0.022 0.328 5.65 9.60 
a Values calculated by difference. 
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2.3.2 Removal of metal ions  
 
The adsorption isotherms of heavy metals studied are shown in Figs. 2.5 and 
2.6.  The equilibrium isotherms provide the fundamental information for the design of 
adsorption systems.  In general, both CMC-ACs exhibit a convex upward trend of 
copper and lead isotherms, which indirectly implies a favorable adsorption.  In        
Fig. 2.5, both CZ0.5 and CZ1.5 show a similar trend of copper removal that increased 
with increasing equilibrium concentration and leveled off at Ce about 1.0 mmol/L, at 
which the saturation point is attained.  Conversely for lead adsorption, CZ0.5 reveals 
a substantial removal than CZ1.5 as illustrated in Fig. 2.6. 
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Figure 2.5 Adsorption isotherms of Cu(II) onto CMC-ACs.  Lines were predicted 
from the Langmuir model, solid line: CZ0.5, dashed line: CZ1.5. 
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Figure 2.6 Adsorption isotherms of Pb(II) onto CMC-ACs.  Lines were predicted 
from the Langmuir model, solid line: CZ0.5, dashed line: CZ1.5. 
 
To further analyze the behavior of adsorbent-adsorbate interaction, two 
commonly used isotherm models, namely Langmuir and Freundlich were employed.  
The empirical Langmuir equation [26, 27] is based on the assumption that the 
adsorption takes place uniformly on a finite number of identical and localized active 
sites, where each site possesses the same heat of adsorption.  Maximum adsorption is 
attained when the surface is completely covered by a monolayer of adsorbate species, 
at which no further interaction occurs between the readily adsorbed and the non-
adsorbed species.  The Langmuir equation is given by, 
e
e
e Cb
QCb
q ⋅+
⋅⋅=
1
    (2.2) 
where Q (mmol/g) is the maximum uptake capacity and b (L/mmol) is the adsorption 
affinity that related to the heat of adsorption. 
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The Freundlich model [28], on the other hand, is widely used for describing the 
multilayer adsorption on a heterogeneous surface.  The active sites are distributed 
exponentially correspond to the heat of adsorption.  The Freundlich equation is given 
by,  
n
eFe CKq
1
⋅=     (2.3) 
where KF and n are the Freundlich constants of relative adsorption capacity and 
intensity, respectively.  The constants were determined by plotting Ce/qe against Ce for 
Langmuir model, and log qe versus log Ce for Freundlich model.  The respective 
values are tabulated in Table 2.3.   
 
Table 2.3 Summary of isotherm constants 
Langmuir model  Freundlich model 
Carbon 
Metal 
tested 
Q 
(mmol/g) 
b 
(L/mmol) 
r2  KF 1/n r2 
CZ0.5 0.0605 13.5 0.988  0.0606 0.322 0.947 
CZ1.5 
Cu(II) 
0.0623 8.06 0.989  0.0580 0.395 0.903 
CZ0.5 0.0178 138 0.979  0.0221 0.139 0.746 
CZ1.5 
Pb(II) 
0.0081 76.6 0.977  0.0120 0.248 0.742 
 
The adsorption of Cu(II) and Pb(II) on CMC-ACs is well correlated with the 
Langmuir equation as compared to the Freundlich equation under the concentration 
range studied.  Thus, the behavior of adsorption of CMC-ACs could be explained by 
the Langmuir model.   
The separation factor, RL, an important feature of the Langmuir model, was 
used to predict the favorability of adsorbent.  It is expressed as,          




⋅+= oL Cb
R
1
1    (2.4) 
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where b and Co are the Langmuir constant and initial concentration of simulated 
solution, respectively.  From Table 2.3, it is noted that CMC-ACs show the positive 
values of b for Cu(II) and Pb(II) removal.  Therefore, the values of RL are always 
positive.  For Cu(II) uptake, the values of RL are 0.03 < RL < 0.90, while for Pb(II), 
they range 0.02 < RL < 0.70.  The values of separation factor for CZ0.5 and CZ1.5 are 
within the range of 0 < RL < 1, which indicates that they are favorable to remove Cu(II) 
and Pb(II).    
In Table 2.3, the values of affinity for Pb(II) removal are always higher than 
those for Cu(II).  This difference may be caused by the ionic size of metal ions.  The 
values of ionic radii for copper and lead are 0.73 and 1.19 Å, while the hydrated ones 
are 4.2 and 4.5 Å correspondingly [29].  It is suggested that lead ion requires less 
amount of energy for dehydration in order to occupy the adsorbent sites [30].  
Moreover, the affinity of CZ0.5 is greater than that of CZ1.5 for the two heavy metals 
studied.  This could be explained by the notion that the dehydration of metal ions is 
preferably occurred on the outer surface sites rather than inside the pore channels.   
According to Table 2.1, CZ1.5 shows a well-developed porous structure due to 
its high mesopore content, thus having a small external surface available for 
occupation.  This could be the reason why CZ0.5 showed a higher removal of lead 
than CZ1.5.  Larger saturation amount of adsorbed copper than that of lead on the 
molecular basis suggests that the adsorption by CMC-AC is site-specific and is more 
favorable towards Cu(II). 
Fig. 2.7 displays the uptake performance of Cu(II) and Pb(II) by CMC-ACs in 
comparison with commercial F400.   
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Figure 2.7 Removal of (A) Cu(II) and (B) Pb(II) by activated carbons.  Symbols 
of CZ0.5 (□), CZ1.5 (○) and F400 (∆) represent the equilibrium pH at which the 
uptake capacity was measured. 
(B) 
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As can be seen in Fig. 2.7A, CMC-ACs show a comparable performance with F400 
for copper removal, and this is true even at initial concentration as high as 2.0 mmol/L.  
Contrarily, different trend is observed in Fig. 2.7B, where the two CMC-ACs 
represent a smaller uptake of Pb(II).  Clearly, the values of equilibrium pH of CMC-
ACs are lower than the initial solution pH, while no significant change is observed for 
F400. 
Although attaining a greater amount of acidic functional groups, CMC-ACs 
did not show any dominance of ion-exchange mechanism due to their uniform values 
of equilibrium pH.  Different performances shown in Fig. 2.7 also strengthen the fact 
that the adsorption by CMC-ACs is site-specific and is preferably towards copper. 
 
 
2.3.3 Effect of post-treatment procedures 
 
To understand the actual mechanism behind the uptake of Cu(II) by CMC-
ACs and F400, these activated carbons were de-ashed and subsequently out-gassed.  
Fig. 2.8 represents the comparison of copper removal by various treated activated 
carbons.  In general, DAOG carbons show a higher uptake of Cu(II) as compared to 
DA carbons. The values of equilibrium pH of DAOG carbons are almost identical at 
about 6.3.  It is suggested that the increase of equilibrium pH for DAOG carbons was 
due to the decomposition of acidic surface functional groups at 1000 °C, hence 
leaving the basic properties of activated carbon [31, 32].   
 
 2-20
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.03 0.09 0.23 0.51
Initial Cu(II) concentration [mmol/L]
C
u(
II
) u
pt
ak
e 
[m
m
ol
/g
]
2.0
3.0
4.0
5.0
6.0
7.0
Equilibrium
 pH
 [-]
CZ0.5DA
CZ0.5DAOG
CZ1.5DA
CZ1.5DAOG
F400DA
F400DAOG
 
Figure 2.8 Influence of two subsequent treatments on the performance of Cu(II) 
removal by activated carbons.  Symbols of CZ0.5DA (□), CZ1.5DA (○) and F400DA 
(∆) depict the equilibrium solution pH, where open and closed symbols represent that 
of DA and DAOG carbons, respectively. 
 
Upon out-gassing, some amount of nitrogen functionalities of CMC-ACs was also 
liberated.  However, the nitrogen content of CMC-ACs was still higher, which is 
about twice as much as that of F400 (0.65 % for CZ0.5, 0.70 % for CZ1.5 and 0.34 % 
for F400).  It is expected that the remaining nitrogen content consists of tertiary 
nitrogen, pyridinic, pyridonic and pyrrolic [33].  The fate of nitrogen functional 
groups such as amines and amides, however, will be the same as that of acidic 
functional groups. 
There is no much difference could be detected between the DA carbons and 
the virgin activated carbons, except for the uptake by F400DA at Co = 0.03 mmol/L 
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and CZ1.5DA at Co = 0.51 mmol/L.  The former could be explained by a small 
intensity at low concentration, while the latter could be caused by the prevailed effect 
of surface area upon de-ashing.   
In Fig. 2.8, CZ1.5DAOG shows a superior performance than CZ0.5DAOG 
and F400DAOG.  A higher surface area of CZ1.5DAOG provides a greater 
interaction probabilities to accommodate copper(II), thus increasing its removal 
capacity.  There is no doubt that there will be a competition between protons and 
copper ions to occupy the surface sites in the absence of acidic functional groups.  Yet, 
under similar values of equilibrium pH, which also implies similar amounts of protons 
adsorbed, CMC-DAOG carbons show a greater advantage over F400DAOG.   
In this instance, there are several mechanisms that may influence the 
adsorption of copper.  It is known that, in the presence of acidic surface functional 
groups, electron density is removed from the π-system due to their electron 
withdrawing effect, thus making the π-system non-operative for adsorption.  Once the 
acidic surface functional groups are rid from the surface of carbon, the π-system will 
now become operative for metal adsorption through Cπ-cation interaction [32, 34, 35]. 
Moreover, the existence of considerable amount of nitrogen also increases the 
density of π-system as a result of its electron donating characteristic.  Yantasee et al. 
[36] have reported the selective removal of copper by activated carbon impregnated 
with amine and their results are in accordance with the present study.   
Fig. 2.8 illustrates the mechanisms of copper removal by CMC-DAOG carbon.   
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Figure 2.9 Proposed uptake mechanisms of Cu(II) by CMC-DAOG carbon: 
tertiary nitrogen (a), pyrrolic (b), pyridinic or pyridonic (c), pair of σ (●) and localized 
π (*) electrons (d), and delocalized π electrons (e).  
 
Among others, the operative mechanisms may include Cπ-cation interaction [32, 34, 
35] and coordination of copper ions with nitrogen [36] and localized lone pair 
electrons [37].  The adsorption capacity of Cu(II) by some bioresource derived 
activated carbons is given in Table 2.4.  The uptake capacity of CZ1.5DAOG is 
slightly higher in comparison with those being carried out at initial concentration 
range 0.49 mmol/L < Co < 1.6 mmol/L.        
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Table 2.4 Comparison of Cu(II) adsorption capacity by some derived activated carbons 
Precursor Activation procedure 
Reported qe 
(mmol Cu(II)/g) 
Co 
(mmol Cu(II)/L) 
Reference 
Pecan shell H3PO4 0.041 0.50 [7] 
Pecan shell Steam 0.060 0.50 [7] 
Apricot stone H2SO4 0.381 0.78 [8] 
Peanut shell Steam followed by air oxidation 0.843 20 [10] 
Palm tree coconut shell H3PO4 1.27 4.72 [12] 
Palm tree seed shell H3PO4 1.11 4.72 [12] 
Rubber wood sawdust H3PO4 0.090 0.63 [13] 
Rice hull ZnCl2 0.061 1.57 [14] 
Corncob H2SO4 0.076 1.57 [15] 
Broiler manure Steam 1.92 20 [17] 
Turkey manure Steam 1.86 20 [17] 
CMC (CZ1.5DAOG) ZnCl2 followed by helium out-gassing 0.115 0.51 Present work 
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2.4 Conclusions 
 
In this chapter, the adsorption isotherms of Cu(II) and Pb(II) onto ZnCl2-
cattle-manure-compost were inspected.  The isotherms could be well fitted and 
described by the Langmuir equation.  A greater removal of CMC-ACs towards Cu(II) 
could be due to the abundant nitrogen content of CMC, which still remains even after 
out-gassing at 1000 °C.  It is suggested that ion-exchange mechanism is only 
operative to a certain extent although CMC-ACs possess a greater amount of acidic 
surface functional groups.  Moreover, the uptake of Cu(II) by CZ0.5DAOG and 
CZ1.5DAOG showed a superior performance over F400DAOG, at which similar 
amount of protons adsorbed was observed.  It can be concluded that CMC-ACs are 
favorable adsorbents and could be considered as a substitution candidate of activated 
carbon especially for copper removal from aqueous solution.   
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Chapter 3 
 
Influence of ZnCl2 activation ratio and solution pH on 
the removal of metal ions by CMC based activated 
carbons  
 
 
Abstract 
The objective of this chapter is to examine the suitability and performance of cattle-
manure-compost based activated carbons (CMC-ACs) in removing heavy metal ions 
from aqueous solution.  The influences of ZnCl2 activation ratio and solution pH on 
the removal of Cu(II) and Pb(II) were studied.  Pore texture, available surface 
functional groups, the pH of the point of zero charge (pHPZC), thermogravimetric 
analysis and elemental compositions were obtained to characterize the activated 
carbons.  Batch adsorption technique was used to determine the metal-binding ability 
of activated carbons.  The equilibrium data were characterized using the Langmuir, 
Freundlich and Redlich-Peterson models.  It was found that the uptake of heavy metal 
ions by CMC-ACs could be well described by the Langmuir equation.  It is suggested 
that the increase of surface area and mesopore ratio as a result of increasing 
ZnCl2:CMC ratio favored the removal of Cu(II), while activated carbon rich in 
surface acidic functional groups showed a selective adsorption of Pb(II).  The 
preferable removal of Cu(II) over Pb(II) could be due to a nitrogen-rich surface as 
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well as a high mesopore content of CMC-ACs.  CMC-ACs activated by ZnCl2 also 
showed a better performance for Cu(II) removal at varying solution pH than  
Filtrasorb 400 (F400), while a similar performance was observed for Pb(II) removal.  
 
 
3.1 Introduction 
 
The presence of aqueous metal ions in effluent from various related industries 
has been proven hazardous and poses a threat to the environment.  The aqueous metal 
ions are known toxic in nature, non-biodegradable and more likely to accrue in human 
body, thus causing a number of health problems, diseases and disorders.  Among the 
toxic and hazardous heavy metal ions are copper, lead, mercury, cadmium and 
chromium [1].  Stringent contaminant limit has been put into practice by World 
Health Organization (WHO) to counter this predicament.  Permissible concentrations 
for copper and lead in drinking water, for instance, should be as low as 2 and         
0.01 ppm, respectively [1].  
Conventional techniques such as electrochemical method and chemical 
precipitation through pH adjustment are only feasible when dealing with high 
concentration of metal ions, but still unsatisfactorily to remove the substances to a 
lesser degree [2].  The utilization of activated carbon in solid-liquid phase separation 
has undoubtedly been one of the preferable techniques to remove the remaining trace 
heavy metal ions from water [3].  The success of this method relies upon the quality 
and the characteristics of activated carbon, i.e., huge specific surface area, availability 
of surface functional groups, chemically stable and durable [3]. 
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Nowadays, the depleted source of commercial coal based activated carbon has 
resulted in an increase of market price, which can reach as high as US$ 25/kg [4].  
The separation process thus becomes less economical because of the recent scenario.  
This has triggered a search for alternative activated carbon from abundant and 
inexpensive sources [5].   
Several efforts to convert carbonaceous materials into activated carbon 
particularly for heavy metals remediation have been reported in the literature [5].  
And to name but just a few, coconut shell [6], sawdust [7], corncob [8], apricot stone 
[9] and pecan shell [10].  In most cases, one-step chemical activation is a method of 
choice to activate the carbonaceous materials.  Activating agents such as H3PO4, 
H2SO4, ZnCl2, KOH and NaOH are noted to produce a larger surface area [5].  
Among others, ZnCl2 was reported to give a higher yield [11].  The use of steam or 
CO2 in physical activation, however, is not as common as chemical activation due to 
the aforesaid reasons.     
In addition, little information is published concerning the exploitation of 
animal waste for heavy metals adsorption [12, 13].  Lima and Marshall [13] utilized 
activated carbon prepared from broiler manure using steam activation to remove Cu(II) 
from aqueous solution.  Low commercial value of manure and expensive treatment 
for clean disposal are among the advantages of using livestock waste as potential 
alternative of activated carbon.  
Taking these aspects into account, the present study was aimed to characterize 
the metal-binding ability of activated carbons derived from cattle-manure-compost 
(CMC), a waste residue of methane generation.  Adsorptive capacity of the produced 
carbons was compared with the commercial coal based activated carbon,       
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Filtrasorb 400 (F400).  The effects of ZnCl2:CMC activation ratio and solution pH on 
the removal of aqueous metal ions were examined and discussed.   
 
 
3.2 Materials and methods 
   
All analytical-reagent grade chemicals were purchased from Kanto Chemical 
Co., Inc.  F400 activated carbon was obtained from Calgon Mitsubishi Chemical 
Corporation.  Stock solutions of model wastewater containing metal ions were 
prepared by dissolving the desired weight of CuCl2·2H2O and PbCl2 in de-ionized 
water.   
 
 
3.2.1 Preparation of activated carbon 
 
Procedures to convert CMC into activated carbon have been described by 
Qian et al. [14].  CMC was supplied by JFE Corporation, Japan.  Three activated 
carbons of different ZnCl2:CMC activation ratios (by weight) were prepared, i.e., 0, 1 
and 2; later designated as CZ0, CZ1 and CZ2 accordingly.  Carbonization was 
progressed using a tubular electric furnace at 500 °C for 1 h under the N2 flow of   
300 mL/min.  CZ0 can be regarded as a product of physical activation, while the 
impregnated ones (CZ1 and CZ2) are those of chemical activation. 
Cattle-manure-compost based activated carbons (CMC-ACs) and F400 were 
soaked overnight in 3M hydrochloric acid and concentrated hydrofluoric acid, 
successively in order to completely remove minerals and ash.  Activated carbons were 
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then thoroughly washed with de-ionized water to remove residual acids, until the 
solution pH became constant.  Finally, the activated carbons were dried in an oven 
prior to the adsorption experiments.  
 
 
3.2.2 Characterization of activated carbon 
 
Surface functional groups of activated carbon were estimated using methods 
described by Boehm [15].  Briefly, different batches of 300 mg carbon were brought 
into contact with 15 mL solutions of 0.1 M NaHCO3, 0.05 M Na2CO3, 0.1 M NaOH 
and 0.1 M HCl, and were allowed to equilibrate for 48 h.  The aliquots were back-
titrated with either 0.05 M HCl for surface acidic functional groups or 0.1 M NaOH 
for basic groups, at which the neutralization points were observed using the universal 
pH indicators. 
The value of pHPZC of each activated carbon was determined using the pH 
drift method [16].  Different batches of 100 mg carbon were brought into contact with 
50 mL of 0.1 M NaCl of different initial pH.  The initial pH of the solution was 
adjusted between 2 and 12 by adding 0.1 M HCl or 0.1 M NaOH.  The suspensions 
were allowed to equilibrate for 24 h at 25 °C and 100 rpm.  The value of pHPZC was 
determined when the equilibrium pH is equal to the initial pH.         
Pore characteristics of activated carbon were determined using liquid nitrogen 
at 77 K in Beckman Coulter SA3100 surface area analyzer (USA).  Elemental 
compositions of activated carbon were measured twice using a Perkin-Elmer PE2400 
microanalyzer.  Thermogravimetric analysis was performed using a Seiko 
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EXSTAR6000 TG/DTA6200 instrument under a helium flow of 150 mL/min and a 
heating rate of 10 °C/min up to 1000 °C. 
 
 
3.2.3 Adsorption studies 
 
Adsorption of Cu(II) and Pb(II) was carried out at 25 °C for 48 h in a stirred 
batch system.  Fixed amount of activated carbon (30 mg) was added to the conical 
flasks containing 50 mL of simulated wastewater with known concentration.  The 
initial pH of the solution was varied between 2.6 and 6.3, and adjusted using either 
0.1 M HCl or 0.1 M NaOH.  The solution pH was left unadjusted for isotherm studies, 
and was measured as 5.2 ± 0.3.  The above procedures were repeated in triplicate to 
confirm a good reproducibility of data.   
The amount of metal ions adsorbed, qe (mmol/g) was calculated as                 
qe = (Co-Ce) × (V/m), where Co and Ce are respectively the initial and equilibrium 
concentrations in mM, V (L) is the volume of solution and m (g) is the mass of carbon.  
A few drops of 0.1 M HCl were added to the supernatant to stabilize the metal ions.  
The concentration of metal ions was measured using an atomic absorption 
spectroscopy (AAS) model Rigaku novAA 300. 
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3.3 Results and discussion 
 
 
3.3.1 Properties of activated carbon 
  
Characterization of activated carbon is important to understand the properties that 
may affect the removal of aqueous metal ions.  Results of elemental composition and 
Boehm titration are tabulated in Table 3.1.  It is clear that, the use of activating agent 
for carbonization increased the composition of carbon about 10 %.  The percentage of 
nitrogen in CMC-ACs is nearly six times higher than that of F400.  CZ0 shows a 
higher amount of total surface acidic functional groups as compared to other activated 
carbons, while CZ1 and CZ2 reveal a similar concentration of surface functional 
groups. 
Table 3.2 lists the yield and physical characteristics of activated carbons.  
Carbonization without activating agent was found to give a smaller yield than those 
activated by ZnCl2.  A much lower value of pHPZC of CZ0 corresponds to its greater 
amount of acidic groups.  A lesser amount of acidic groups gives a slightly higher 
value of pHPZC of F400.  Apparently, the increase of surface area and pore volume of 
CMC-ACs is associated with the increase of ZnCl2 activation ratio.  Activation ratio 1 
gives textural characteristics identical to F400, while activation ratio 2 produces a 
100% mesoporous activated carbon.   
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Table 3.1 Elemental composition and surface chemistry of activated carbons 
 
daf: dry, ash free, a calculated by difference. 
  
Table 3.2 Yield and physical characteristics of activated carbons 
Pore characteristics 
Carbon Yield (%) pHPZC 
SBET (m2/g) Smi (m2/g) Vtotal (mL/g) Vmi (mL/g) Rme (%) Davg (nm) 
CZ0 25.1 4.3 320 209 0.218 0.092 57.8 2.73 
CZ1 40.3 5.3 1395 971 0.742 0.424 42.9 2.13 
CZ2 40.6 5.8 1752 0 1.36 0.000 100 3.10 
F400 - 6.4 1099 877 0.680 0.390 42.6 2.47 
SBET: BET surface area, Smi: micropore surface area, Vtotal: total pore volume, Vmi: micropore volume, Rme: mesopore content, Davg: average pore width.
Elemental composition (wt%, daf)  Surface functional groups (mmol/g) 
Carbon 
Carbon Hydrogen Nitrogen Oxygena  Carboxylic Lactonic Phenolic Total acidic Basic Sum 
CZ0 74.3 2.20 2.20 21.3  0.545 0.197 0.840 1.582 0.120 1.702 
CZ1 87.1 1.59 2.03 9.32  0.125 0.168 0.650 0.943 0.401 1.344 
CZ2 84.9 1.70 1.89 11.5  0.125 0.138 0.698 0.961 0.378 1.339 
F400 91.9 0.43 0.33 7.33  0.103 0.048 0.477 0.628 0.397 1.025 
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Amount of ZnCl2 used for activation is expected to widen the present micropores due 
to its dehydrating effect, thereafter enlarging the pore volume, surface area and 
mesopore content.  The average pore widths of all activated carbons are within the 
lower limit of mesopores varying between 2.1 and 3.1 nm [17]. 
The thermogravimetric profiles of activated carbons are shown in Fig. 3.1.  All 
activated carbons display a peak below 50 °C, due to the removal of physisorbed 
moisture.  It can be seen that, CZ0 reveals a higher intensity of the aforesaid peak, and 
the intensity gradually decreases with the increase of activation ratio.  This can be 
inferred by the fact that the amount of ZnCl2 used for activation decreases the 
hygroscopic nature of CMC-AC.  Another common feature in all samples is a peak at 
temperatures between 600 and 800 °C which corresponds to the decomposition of 
functional groups and the release of volatiles.  Different from other activated carbons, 
CZ0 depicts a missing low intensity peak at temperatures ranging from 270 to 340 °C, 
indicating that no tar was remained upon physical activation.  This low intensity peak 
could also be partly due to the decomposition of carboxylic groups.  As compared to 
F400, CMC-ACs show a less rigid structure, and the weight loss decreases with 
increasing activation ratio.        
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Figure 3.1 TG and DTG curves of activated carbons.   
A: CZ0; B: CZ1; C: CZ2; D: F400. 
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3.3.2 Adsorption experiments  
 
Equilibrium removal of heavy metal ions by CMC-ACs and F400 are shown 
in Fig. 3.2.  In general, the removal of Cu(II) and Pb(II) by CZ1, CZ2 and F400 falls 
on the category of L-shape isotherm according to Giles classification [18].  The 
convex upward trend by these three activated carbons exhibits a strongly favorable 
adsorption.  The uptake by CZ0, on the other hand, is distinguished by an H-shape 
isotherm [18].  A high value of slope at low initial concentration signifies a high 
affinity of adsorption.   
From Fig. 3.2A, both CZ0 and CZ2 display a greater removal of Cu(II) at 
equilibrium concentration, Ce, below 0.09 mM.  Yet, the uptake by CZ0 thereafter 
immediately reaches a plateau, while it continues to rise for CZ2.  The former could 
be attributed to the abundant acidic functional groups, while the latter probably 
caused by a higher surface area and mesopore content.  Clearly CZ1 and F400 show a 
similar amount of adsorption capacity with increasing equilibrium concentration.  
This can be explained by their similar physical characteristics as indicated in       
Table 3.2.  It can be noticed that, the maximum uptake of Cu(II) increases with 
increasing surface area, because the higher the surface area the more interaction 
probabilities can take place in the solution.   
Unlike in Fig. 3.2A, CZ0 displays a greater removal of Pb(II) in comparison 
with other activated carbons as shown in Fig. 3.2B.  Although having the smallest 
surface area amongst the tested activated carbons, a large concentration of surface 
acidic functional groups does provide an advantage for CZ0 in the adsorption of 
Pb(II).  Considerable effect of surface area could also be observed from a greater 
removal of Pb(II) by CZ2 above CZ1.   
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Figure 3.2 Equilibrium removal of (A) Cu(II) and (B) Pb(II) by activated carbons.  
Lines were predicted from the Langmuir equation, dashed: CZ1 and CZ2;  
solid: CZ0 and F400. 
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Nevertheless, both CMC activated by ZnCl2 (CZ1 and CZ2) showed a lesser removal 
of Pb(II) as compared to F400 at equilibrium concentration, Ce, above 0.06 mM.  
Clearly in Fig. 3.2, CZ1 and CZ2 showed a greater removal of Cu(II) over Pb(II) in 
comparison with F400.  It is believed that the combination of surface area and 
nitrogen-rich surface could be a possible reason for the preferable uptake of Cu(II) 
[19-21].  It was suggested that the adsorption of Cu(II) onto the nitrogen-rich surface 
is through a coordination mechanism [19, 20].      
A good adsorption process is designed upon the fundamental information of 
equilibrium isotherms.  In this study, three generally used isotherm models were 
employed to characterize the adsorption data.  The Langmuir isotherm is expressed as 
[22, 23], 
e
e
e Cb
QCbq ⋅+
⋅⋅=
1
    (3.1) 
where Q and b represent the maximum monolayer uptake capacity and the adsorption 
affinity, respectively.  A linear line of Ce/qe against Ce gives a slope of 1/Q and an 
intercept of 1/(Q·b).  The Freundlich isotherm is given by [24], 
n
eFe CKq
1
⋅=     (3.2) 
where KF and n are the Freundlich constants related to the uptake capacity and the 
intensity, respectively.  Values of n ranging from 1 to 10 represent the surface 
heterogeneity and that of favorable adsorption conditions [24].  A straight line can be 
obtained by plotting log qe versus log Ce.  The Redlich-Peterson isotherm which 
combines the features of Langmuir and Freundlich equations can be described as [25], 
g
e
e
e CB
CA
q ⋅+
⋅=
1
   (3.3) 
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A, B and g are all the Redlich-Peterson constants, where 0 < g < 1.  It is also useful to 
note that, when g equals 0, the Redlich-Peterson equation becomes the Henry’s law 
equation, while it results in the Langmuir equation when g is unity.  These constants 
were solved using Solver add-in, given the condition where the sum of squared error 
(SSE) is the least thus yield the optimum value of correlation of determination (r2). 
Isotherm constants together with the equilibrium values of solution pH are 
tabulated in Table 3.3.  The adsorption data in this study can be well described by the 
three isotherm models, but the Langmuir plots were more fitted to linear 
approximation than the other two equations.  This is also supported by some activated 
carbons showed the g values close or equal to 1 in the Redlich-Peterson model.   
The values of adsorption affinity of Langmuir model shown in Table 3.3 are in 
agreement with the estimation by pure observation proposed by Giles et al. [18].  For 
the removal of both aqueous metal ions, CZ0 provides a bigger affinity in comparison 
with other activated carbons, which is caused by a significant amount of acidic 
functional groups.  On the molecular basis, CZ0 can accommodate similar maximum 
amount of Cu(II) and Pb(II), but the respective value of affinity for Cu(II) is about 
twice that of Pb(II).  This suggests the preferable adsorption of Cu(II) over Pb(II) by 
CMC-AC.  For Cu(II) removal, a greater surface area of CZ2 depicts a slightly larger 
affinity than CZ1.  
Apart from that of CZ0, the values of adsorption affinity for Pb(II) are always 
higher than those for Cu(II).  This phenomenon can be explained by the different sizes 
of aqueous metal ions.   
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Table 3.3 Equilibrium pH and isotherm constants for Cu(II) and Pb(II) removal by activated carbons 
Langmuir model  Freundlich model  Redlich-Peterson model 
Carbon 
Heavy 
metal 
pHe Q 
(mmol/g) 
b 
(mM-1) 
r2  KF 1/n r2  
A 
(L/g) 
B g r2 
CZ0 4.1 ± 0.1 0.0443 225 0.995  0.0503 0.113 0.902  41.9 906 0.950 0.942 
CZ1 4.4 ± 0.1 0.0708 8.43 0.967  0.0782 0.403 0.980  4.39 56.5 0.639 0.961 
CZ2 4.4 ± 0.1 0.0948 12.1 0.977  0.106 0.333 0.976  199 1852 0.662 0.958 
F400 
Cu(II) 
5.5 ± 0.1 0.0714 7.47 0.981  0.0922 0.553 0.946  0.527 7.30 1.00 0.971 
CZ0 4.1 ± 0.1 0.0435 123 0.984  0.0663 0.229 0.897  16.9 338 0.909 0.915 
CZ1 4.6 ± 0.1 0.0196 58.7 0.981  0.0349 0.348 0.915  0.954 46.9 1.00 0.947 
CZ2 4.7 ± 0.1 0.0297 28.6 0.964  0.0523 0.399 0.887  1.87 52.2 0.834 0.869 
F400 
Pb(II) 
5.5 ± 0.1 0.0418 14.3 0.966  0.0967 0.628 0.948  0.635 15.3 1.00 0.965 
pHe: equilibrium pH.
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The values of non-hydrated ionic radii for Cu(II) and Pb(II) are 0.73 and 1.19 Å, 
while the hydrated ones are 4.19 and 4.50 Å, respectively [26].  It is noted that, the 
bigger the ionic radii the lesser the amount of energy utilized for dehydration, thus the 
greater its affinity to occupy the adsorbent sites [27].   
It is presumed that the most functioning sites for a lower removal capacity of 
Pb(II) with a larger affinity is surface acidic functional groups, whereas Cπ of basal 
plane and lone pair of nitrogen are expected to be the active sites for a larger removal 
capacity of Cu(II) with a lower affinity.  As demonstrated in Table 3.3, the decrease 
of adsorption affinity of Pb(II) with increasing activation ratio implies the preferable 
dehydration of Pb(II) ions on the outer surface instead inside the pore channels [28].   
The decrease in solution pH below the value of pHPZC upon the addition of 
activated carbons is due to the dissociation of protons from the ionizable functional 
groups.  The surface of activated carbon becomes negatively charged thus favors the 
removal of metal ions.  However, the amount of protons released accompanying the 
adsorption of metal ions by activated carbons was not stoichiometrically identical.  
This can be inferred by the consistent values of equilibrium pH, as indicated in    
Table 3.3.  Because of plentiful acidic functional groups, CZ0 released a great amount 
of protons for Cu(II) and Pb(II) removal.  About 1.4 mM protons was in excess for 
every metal ions adsorbed by CZ0, thus implies the non-fully utilized surface sites for 
adsorption.  It can be suggested that the removal mechanism for CZ0 could be due to 
ion exchange or surface-complex formation.  For other activated carbons, the uptake 
could be due, at least in part, to ion exchange. 
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3.3.3 Influence of solution pH 
 
Distribution of metal species in aqueous solution strongly depends on solution 
pH and metal concentration.  Initial concentrations of 0.32 mM for Cu(II) and       
0.24 mM for Pb(II) were selected because at these concentrations, all activated 
carbons tested already reach their saturation points.  Fig 3.3 shows the calculated 
speciation curves for copper and lead according to the values of equilibrium constants 
at 25 °C [29].  About 0.01% precipitate complexes, namely Cu(OH)2 and Pb(OH)2 
start to appear in the solution at pH 6.6, therefore decreasing the concentration of 
metal aqua ions.  Since the existence of stable precipitate complexes has to be avoided, 
the solution pH was carefully adjusted to 6.3.  At pH 6.3, approximately 98 % of both 
Cu(II) and Pb(II) species is Cu2+ and Pb2+ ions, and the remaining 2 % is their 
hydrolysis products, namely Cu(OH)+ and Pb(OH)+.  These hydrolysis products are 
expected to give a trivial influence on the equilibrium uptake of Cu2+ and Pb2+. 
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Figure 3.3 Distribution diagrams of (A) copper and (B) lead species in aqueous 
solution at 0.32 and 0.24 mM, respectively.  A: (□) Cu2+, (○) [Cu(OH)]+, (∆) 
[Cu(OH)2], (◊) [Cu(OH)3]-, (×) [Cu(OH)4]2-;  B: (□) Pb2+, (○) [Pb(OH)]+, (∆) 
[Pb(OH)]2, (◊) [Pb(OH)3]-, (×) [Pb4(OH)4]4+, (●) [Pb3(OH)4]2+, (+) [Pb6(OH)8]4+.
(B) 
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The pH profiles of Cu(II) and Pb(II) removal by activated carbons are shown in      
Fig. 3.4.  Obviously, the uptake of Cu(II) and Pb(II) increases with increasing 
alkalinity in solution.  At a higher acidity, it is well understood that the surface of 
activated carbon becomes protonated by the excessive amount of protons in solution.  
Consequently, the divalent cations are repelled from the positively charged surface 
due to the repulsive force.  As the alkalinity increases, the ionizable surface groups 
are prone to lose their protons which results in the negatively charged surface.  This 
later enhances the capture of metal species due to the increase of electrostatic 
attraction.        
From Fig. 3.4A, as the equilibrium value of solution pH increases, clearly the 
removal of Cu(II) by CZ1 is superior than that of F400, even though the amount of 
uptake is somewhat comparable using the non-adjusted solution pH (Fig. 3.2A).  
Apparently, all CMC-ACs show a better performance than F400.  At equilibrium pH 
4.9 for example, CZ1 and CZ2 were able to remove 13.7 and 18.6 % Cu(II), while 
only 9 % was removed by F400.  This implies an advantage of using CMC-ACs for 
Cu(II) removal in acidic environment.  A slightly higher removal of Cu(II) by CZ2 at 
equilibrium pH 2.5 could be influenced by a greater surface area, a higher mesopore 
ratio and also a nitrogen-rich surface.  A higher removal of Cu(II) by CZ0, as high as 
that of CZ2 at equilibrium pH ranging from 3.0 to 4.5, could be attributed to a rich 
concentration of surface acidic functional groups.  The graphite basal plane could be 
estimated to contribute largely as the adsorption sites for a varying performance of 
CZ1, CZ2 and F400. 
In Fig. 3.4B, the performance of CZ1 and CZ2 is comparable with F400.  
Similar amount of Pb(II) could be removed by these activated carbons particularly at 
equilibrium pH below 4.7.   
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Figure 3.4 The pH profiles of (A) Cu(II) and (B) Pb(II) removal by activated 
carbons at 0.32 and 0.24 mM, respectively. 
(A) 
(B) 
 3-22
At all equilibrium values of solution pH, CZ0 still shows a greater removal of Pb(II) 
in comparison with other activated carbons.  This is thought to be caused by a 
plentiful amount of surface acidic functional groups.  Identical performance by CZ1, 
CZ2 and F400 could be explained by their similar amount of acidic functional groups, 
mainly the carboxylic groups. 
 
 
3.4 Conclusions 
 
Conclusions that can be drawn from this chapter are listed as follows. 
 
(1) CZ0 possessed a richer amount of acidic functional groups than CZ1 and CZ2, 
yet suffered from a low yield and a smaller BET surface area. 
(2) The equilibrium data of Cu(II) and Pb(II) removal were more fitted to, and 
could be satisfactorily described by the Langmuir isotherm. 
(3) Cu(II) uptake by CMC-ACs increased with increasing surface area and 
mesopore content, which results from the increase of activation ratio. 
(4) Composition of nitrogen in CMC-ACs possibly plays an important role for the 
selective removal of Cu(II) over Pb(II). 
(5) Performance of CMC-ACs for Cu(II) removal at varying solution pH was 
somewhat better than that of F400. 
(6) CMC-ACs were proven feasible for solid-liquid phase separation process, and 
are foreseen to be a material of choice especially for Cu(II) removal from 
aqueous solution. 
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Chapter 4 
 
Adsorption of heavy metals onto activated carbons 
derived from polyacrylonitrile fiber 
 
 
Abstract 
The aim of this chapter is to produce activated carbons derived from polyacrylonitrile 
(PAN) and to examine their feasibility of removing heavy metals from aqueous 
solution.  Thermogravimetric analysis was used to identify the suitable conditions for 
preparing oxidized fiber and coke as activated carbon precursors.  Steam and CO2 
were used to activate the precursors.  Activated carbons were characterized by their 
pore texture, elemental compositions and surface functionalities.  Batch adsorption 
and desorption studies were carried out to determine the metal-binding ability of 
activated carbons.  Two commercial activated carbon fibers (ACFs), i.e., A-20 and 
W10-W, were employed to compare the removal performance of PAN derived 
activated carbons.  Influence of oxidation treatment of PAN fiber prior to steam 
activation was also explored and discussed.  Results indicated that steam produced a 
higher surface area but a lower resultant yield as compared to CO2.  Also, precursors 
activated by steam showed a greater removal performance.  For both activation 
methods, fiber displayed a better metal-binding ability than coke.  A small nitrogen 
loss from PAN fiber as a result of oxidation treatment assisted a greater removal of 
Cu(II) and Pb(II), but the interaction to Cu(II) was found stronger.  It is proposed that 
 4-2
the formation of cyclized structure by oxidation treatment minimized the nitrogen loss 
during steam activation, hence increased the uptake performance.   
 
 
4.1 Introduction 
 
There has been increasing concern over the presence of toxic metal ions in 
receiving water from metal-finishing or electroplating industry [1].  Heavy metals can 
easily enter the food chain because of their high solubility in water.  These non-
biodegradable species have been proven hazardous and tend to cause a number of 
health problems, diseases and disorders [2].  Industrialists have now been looking for 
effective measures to comply with stringent contaminant limit set by the World 
Health Organization (WHO) [1, 2]. 
Adsorption by activated carbon, by far, has become a method of choice to 
offset this problem.  Adsorption becomes a preferred choice than other physico-
chemical techniques of heavy metal remediation due to its simplicity, cheap, easy to 
scale-up and most importantly able to remove low concentration substance even at 
part per million levels with high efficiency [1, 3].  Activated carbon has been widely 
used in water treatments because of its high specific surface area, chemically stable 
and durable [3].  Its utilization for heavy metals adsorption greatly relies upon surface 
acidity [4, 5] and special surface functionality [6-8], where the removal mechanisms 
may comprise of ion-exchange [4, 5], basal plane–cation interaction [4] and 
coordination to functional groups [6, 7].  
In recent years, considerable interest has been shown to a new category of 
activated carbon in the form of fiber [9, 10].  Activated carbon fiber (ACF) is noted to 
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possess a bigger bulk volume than the ordinary pelletized or powdered activated 
carbon, thus giving a fast adsorption and desorption rates [9].  ACF can be produced 
from coal [11] and petroleum pitches [12, 13], rayon [14], polyacrylonitrile (PAN) 
[15-17] and phenolic resin [18] through high temperature gasification in steam or CO2.  
Ko et al. [19] reported that steam was better than CO2 for generating a well-
distributed surface area of ACF.  Chemical activation by NaOH, KOH, H3PO4 or 
ZnCl2, however, has not been recommended because despite enhancing the porosity, 
the reagent may also destroy the fiber morphology [17, 20]. 
Nowadays, PAN based ACF (PAN-ACF) has attracted much attention from 
many researchers due to its high adsorption performance as compared to other 
counterparts.  A number of studies have been focused on the preparation of PAN-ACF 
from its raw precursor, where the values of specific surface area varying from               
500-900 m2/g [15, 17, 21].  In other development, a great concern has been shown on 
the removal of organic compounds [9, 18, 22] and air pollutants [17, 23].  However, 
there is a little of information concerning the use of PAN-ACF to remediate metal-
contaminated wastewater in much of the published literature.   
The present work is devoted to prepare activated carbons from PAN fiber and 
to evaluate their metal-binding ability.  Steam and CO2 were used to activate the 
precursors.  Two commercially available ACFs derived from petroleum pitch, i.e.,   
A-20 and W10-W, were employed for comparative studies.  Textural characteristics, 
elemental properties and surface functional groups of each sample were correlated 
with the adsorption and desorption performances.  The influence of oxidation 
treatment prior to steam-activation was also examined and discussed.      
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4.2 Materials and methods 
 
All analytical-reagent grade chemicals were purchased from Kanto Chemical 
Co., Inc.  As-received A-20 and W10-W were purchased from Unitika, Ltd.  PAN 
fiber (69.9 % C, 4.73 % H, 25.4 % N; 2.32 % moisture) was obtained from Toray 
Corporation, Japan.  Model solutions containing metal ions were prepared by 
dissolving the desired weight of CuCl2·2H2O and PbCl2 in de-ionized water.   
 
 
4.2.1 Oxidation and activation procedures 
 
Thermogravimetric analysis was performed using a Seiko EXSTAR6000 
TG/DTA6200 instrument to determine the oxidative behaviors and to identify the 
suitable conditions for preparing oxidized fiber and coke from PAN fiber.  About     
12 mg PAN fiber was used for each analysis.  The flow rate of gas was fixed at      
300 mL/min and the heating rate was set at 10 °C/min up to 400 °C.  Two different 
gases (N2 and air) and two different temperature settings (slow and rapid) were 
employed.  The slow temperature setting took about 20 h, at which the longest 
retention was at 195 °C for 9 h, followed by 205 and 215 °C for 2 h, respectively.  For 
rapid temperature setting, the only retention was at 400 °C for 10 min. 
In actual oxidation process, PAN fiber was first treated in air at various 
temperatures ranging from 195 to 280 °C for three to four days, depending on the 
amount of fiber employed.  This stage is very critical and special attention needs to be 
given in order to avoid the fiber from shrinking and melting that will change its 
morphology [21, 24].  Once the oxidized fiber is prepared at 280 °C, it can be further 
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treated at a higher temperature without any change in its physical structure.  The coke 
was prepared by heating the PAN fiber at 280 to 300 °C, and retained until smoke 
evolved and the fiber completely shrunk to a metal-like coke deposits.  The coke was 
then ground to a powder form prior to activation. 
The fiber was detached to obtain even distribution of surface area during 
activation.  About 1.5 g of oxidized fiber was placed at the center of a quartz tube 
inside a tubular furnace.  Schematic representation of steam activation apparatus is 
shown in Fig. 4.1. 
   
 
Figure 4.1 Principle components for steam activation. 
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N2, a carrier gas, was introduced at a flow rate of 80 mL/min.  Water at a flow rate of 
13.5 mL/h was injected at the upstream of the quartz tube using an Eyela micro tube 
pump (Tokyo Rikakikai Co., Ltd.) once the desired temperature was attained.  Water 
was immediately evaporated to steam when reaching the activation chamber and the 
process was held for the desired activation time.  The sample was cooled to room 
temperature under N2 flow at the end of activation.  The optimum activation 
conditions were determined by varying temperature from 600 to 850 °C and time 
from 15 min to 1 h.  The resultant steam-activated PAN fibers were dried in an oven 
at 115 °C for 1 h to remove remaining moisture and then stored in desiccators.  The 
coke of PAN fiber was activated by steam under the optimum activation conditions. 
Schematic representation of CO2 activation apparatus is given in Fig. 4.2, 
following the procedures described by Jia et al. [6]. 
  
 
Figure 4.2 Principle components for CO2 activation. 
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Briefly, the oxidized fiber and coke were activated at 900 °C for 1 h under a CO2 flow 
rate of 300 mL/min.  
Activated carbons derived from PAN fiber were designated as PS60-80, CS80, 
PC90 and CC90.  The first alphabet refers to physical appearance (P: PAN fiber, C: 
coke), and the second alphabet indicates the activation method (S: steam, C: CO2), 
while the last two numerals represent the activation temperature (for example 90:   
900 °C).      
The oxidized fibers were subjected to oxidation treatment in an air flow of       
300 mL/min using a tubular furnace at temperatures between 300 and 450 °C for      
30 min.  The treated oxidized fibers are designated as P30-45, where the last two 
numerals represent the oxidation temperature (for example 30: 300°C).  These 
oxidized fibers were activated by steam at 800 °C for 15 min under the same 
previously mentioned N2 and water flow settings.  The resultant steam-activated PAN 
fibers were defined as P30S-P45S, where the last alphabet refers to steam activation. 
 
 
4.2.2 Characterization of activated carbons 
 
Textural characteristics of activated carbon were obtained at liquid nitrogen 
temperature of -196 °C using a Beckman Coulter SA3100 surface area analyzer 
(USA).  The activated carbons were out-gassed in vacuum at 300 °C for 2 h prior to 
measurement.  The surface area of activated carbons was estimated by BET 
(Brunauer-Emmett-Teller) model with assumption that the adsorbed nitrogen 
molecule having the cross sectional area of 0.162 nm2, while the total pore volume 
was determined at relative pressure, Ps/Po of 0.9814.  Micropore volume and 
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mesopore surface area were obtained from the t-plot method.  Mesopore volume can 
be calculated by subtracting micropore volume from total pore volume.  Average pore 
width can be roughly calculated from BET surface area and total pore volume. 
Elemental compositions were measured twice using a Perkin-Elmer PE2400 
microanalyzer.  The samples were dried at 115 °C for 2 h to remove physisorbed 
moisture prior to measurement.   
Surface chemistry was determined using Boehm titration methods [25].  
Different batches of 150 mg activated carbons were brought into contact with 15 mL 
solutions of 0.1 M NaHCO3, 0.05 M Na2CO3, 0.1 M NaOH and 0.1 M HCl.  The 
mixtures were retained in a mechanical agitator at 100 rpm and 25 °C for 48 h.  Then, 
the aliquots were back-titrated with either 0.05 M HCl for acidic groups or               
0.1 M NaOH for basic groups.  Neutralization points were observed using two 
universal pH indicators, i.e., phenolphthalein for titration of strong base with strong 
acid, and methyl red for weak base with strong acid.  The amount of each functional 
groups was calculated with assumptions that NaHCO3 neutralizes only carboxylic 
groups, Na2CO3 neutralizes carboxylic and lactonic groups, and NaOH neutralizes 
carboxylic, lactonic and phenolic groups, while HCl neutralizes basic groups [25].       
 
 
4.2.3 Batch adsorption and desorption experiments 
 
Thirty mg of activated carbon was added to conical flasks containing 50 mL 
metal ions solutions of a relatively high concentration.  The selected concentrations 
for Cu(II) and Pb(II) were 20 ppm and 40 ppm, respectively [2, 6].  The solution pH 
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was left unadjusted, and was measured as 5.2 ± 0.2.  Adsorption of metal ions was 
carried out at 25 °C for 48 h in a stirred batch system.   
Few drops of 0.1 M HCl were added to supernatant to stabilize the metal ions.  
The concentration of metal ions was measured using an atomic absorption 
spectroscopy (AAS) model Rigaku novAA 300.  The amount of metal ions adsorbed 
by activated carbon in mmol/g was calculated as (Co-Ce) × (V/m), where Co and Ce are 
respectively the initial and equilibrium concentrations in mmol/L, V in L is the 
volume of solution and m in g is the mass of activated carbon.   
Solutions already used for adsorption were decanted and conical flasks 
containing spent activated carbons were thereafter filled with 50 mL fresh de-ionized 
water for desorption studies.  The procedures and settings are the same as described 
for adsorption.  There was also a need to adjust the solution pH of Pb(II) to 3.7 
because of precipitation during adsorption.  Each experiment was repeated at least 
three times to ensure a good reproducibility of results. 
 
 
4.3 Results and discussion 
 
 
4.3.1 Oxidation and activation 
 
Thermogravimetric profiles of PAN fiber are shown in Fig. 4.3.  All profiles 
show a common peak at temperatures between 49-53 °C which corresponds to the 
release of physisorbed moisture.   
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Figure 4.3 TG and DTG curves of slow (A and B) and rapid (C and D) 
temperature settings of PAN fiber in air (A and C) and N2 (B and D).
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Clearly the intensity of the aforementioned peak in air flow (A and C) is greater than 
that of N2 (B and D) because the fiber tends to adsorb moisture from air at ambient 
temperature.  Another general feature is a peak at temperatures ranging from 387 to 
397 °C which can be attributed to the degradation of material and further strip of 
volatiles.  Under slow temperature settings, PAN fiber reveals a high intensity peak at 
265 °C in air (A) as compared to that of inert (B).  The former could be assigned to 
the removal of CO2 and HCN, while only small amount of HCN and NH3 is released 
for the latter [26, 27].  The presence of a high intensity peak in N2-treated PAN fiber 
(B) at 322 °C, however, indicates an autocatalytic exothermic reaction which results 
in the shrinking and melting of the fiber to form coke deposits.  This phenomenon 
also exists under rapid temperature settings (C and D) over the temperature range of 
311-313 °C, where the sharp peaks of high intensity can be observed.  More volatile 
products are liberated once the coke is formed thus causing a greater weight loss.  
Inappropriate oxidation treatment in nitrogen (B and D) may result in a greater weight 
loss particularly when the coke is produced [27].   
PAN fiber treated under slow temperature setting in air was found suitable to 
prevent the formation of metal-like coke deposits so as to withstand high temperature 
activation.  However, in actual oxidation condition, the amount of fiber used was 
much greater than that of thermogravimetric analysis.  Thus, the settings for time and 
temperature were adapted to the quantity used.  Approximately 3-4 days were 
required to produce oxidized PAN fiber from 195 °C to a final temperature of 280 °C.  
Frequent monitoring and mixing were necessary because the fiber is not usually 
uniformly oxidized and easily shrunk.   
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Effect of temperature in steam activation of oxidized fiber on BET surface 
area and yield is given in Fig. 4.4.   
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Figure 4.4 Effect of temperature on BET surface area and yield in steam 
activation of PAN fibers (water flow: 13.5 mL/h, nitrogen flow: 80 mL/min,    
duration: 30 min).  
 
Three to four independent BET measurements with at least two reproductions produce 
a 7-10 % deviation from the average values.  The BET surface area was found to 
increase with increasing temperature.  At 850 °C, the oxidized fiber was completely 
vanished to volatiles, while at 600 °C, although the burn-off was only 30 %, there was 
only a small pore development generated by steam.   The highest recordable value of 
surface area was obtained at 800 °C.  At a higher temperature, the linear structures of 
PAN are expected to coalesce to form a denser graphite basal plane.  It is clear that 
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water molecules of steam do not only serve as activating agent to increase the surface 
area, but also degrade the fiber at a higher temperature.   
Effect of time in steam activation is shown in Fig. 4.5.  The BET surface area 
reached its optimum after 30 min activation, with a value of 886 m2/g and 18 % yield.   
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Figure 4.5 Effect of time on BET surface area and yield in steam activation of 
PAN fibers (water flow: 13.5 mL/h, nitrogen flow: 80 mL/min, T: 800 °C). 
 
In addition, the yield was decreased with increasing activation time where the fiber 
was completely destroyed after 60 min.  The decrease of surface area after 45 min 
activation was an early sign of fiber decomposition by steam at 800 °C.    
 
 
 
 
 4-15
4.3.2 Characteristics of activated carbon 
 
Characterization of activated carbon is important to understand the properties 
that may affect the removal of metal ions.  Fig. 4.6 shows the N2 adsorption-
desorption isotherms of activated carbons derived from PAN fiber, and two 
commercial ACFs (A-20 and W10-W).   
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Figure 4.6 N2 adsorption-desorption isotherms of activated carbons derived from 
PAN fiber and commercial ACFs.  Closed symbols and solid lines  
represent the desorption branch. 
 
All activated carbons exhibit a convex upward isotherm with steep slope at low Ps/Po, 
which is indicative of a highly microporous material.  According to IUPAC 
classification [28], these activated carbons can be described under type I isotherm 
with a small type H4 hysteresis, which is associated with a narrow pore size 
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distribution of microporous material with plate-like pores.  Visibly, A-20 and W10-W 
possess a higher surface area than activated carbons derived from PAN fiber because 
of a greater volume adsorbed as Ps/Po approaching unity.   
Textural characteristics and yield of activated carbons are listed in Table 4.1.  
It is evident that steam was effective to produce a greater surface area and pore 
volume, but the resultant yield was lower than that of CO2 for both oxidized fiber and 
coke.  A higher degradation of material by steam is due to a rapid burn-off by water 
molecules although the activation temperature was 100 °C lower than that of CO2.   
 
Table 4.1 Textural characteristics of activated carbons derived from PAN fiber 
and commercial ACFs 
 Pore characteristics 
Carbon 
Yield 
(%)  
SBET 
(m2/g) 
Smi 
(m2/g) 
Vtotal 
(mL/g) 
Vmi 
(mL/g) 
Rme (%) 
Davg 
(nm) 
PS80 18.0  886 781 0.444 0.349 21.3 2.00 
PC90 36.6  675 612 0.348 0.278 20.2 2.06 
CS80 34.0  536 490 0.260 0.224 14.1 1.94 
CC90 42.4  207 194 0.106 0.087 17.4 2.04 
A-20 -  2312 2115 1.25 1.06 15.2 2.17 
W10-W -  1060 933 0.667 0.539 19.2 2.52 
SBET: BET surface area, Smi: micropore surface area, Vtotal: total pore volume,  
Vmi: micropore volume, Rme: mesopore content, Davg (4Vtotal/SBET): average pore width. 
 
Coke showed a somewhat lower surface area than fiber even under the same 
activation procedures because of the effect of autocatalytic reaction that affected the 
development of porosity.  A-20 and W10-W possess a significantly high surface area 
of 2312 and 1060 m2/g, respectively.  The average pore widths of all samples are 
within the upper limit of micropores to the lower limit of mesopores varying from 1.9 
to 2.5 nm [29].   
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In depth analysis of pore size distribution is given in Fig. 4.7.  The curves 
were constructed following the report by Horvath and Kawazoe [30], which is also 
known as H-K method.  Different from other derived activated carbons, PS80 shows a 
multimodal distribution, concentrated at the supermicropore (0.45 and 0.55 nm) and 
micropore (0.75-0.95 nm) regions.  A similar bimodal distribution is revealed by 
PC90, CC90 and CS80, where the pores centered at the supermicropore region.  A 
sharp distribution at 0.75 nm is displayed by A-20, while W10-W exhibits a broad 
multimodal distribution with the highest peak at 0.85 nm.  The values of micropore 
volume predicted from the y-intercept of cumulative pore volume in Fig. 4.7 are 
almost identical with those estimated by t-plot in Table 4.1.   
Results of Boehm titration and elemental analysis are tabulated in Table 4.2.  
It is obvious that A-20 and W10-W contain a higher composition of carbon but a 
lower proportion of nitrogen as compared to activated carbons derived from PAN 
fiber.  A relatively high proportion of hydrogen in PS80 could be attributed to a 
partially completed graphitic structure.  About 58-84 % nitrogen loss was observed 
from the resultant activated carbons, and this was found significant in PS80 probably 
due to two possibilities.  Firstly, steam effectively removes nitrogen molecules from 
the carbon surface even the activation temperature was lower than that of CO2, and 
secondly, the oxidized fiber produced at 280 °C may contain a plenty of non-cyclized 
nitrogen that is prone to liberate at a lower temperature.  On the contrary, the 
formation of coke as a result of exothermic reaction may assist the cyclization that 
may prevent the release of nitrogen functionalities in activation [24].  The increase of 
oxygen content in PS80 was due to the reaction of water molecules in steam with 
carbon atom at the edges of basal plane [15].   
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Figure 4.7 Pore size distributions of (A) activated carbons derived from PAN 
fiber, and (B) commercial ACFs.  Open symbols represent differential pore volume, 
closed symbols represent cumulative pore volume. 
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Table 4.2 Results of elemental analysis and surface chemistry of activated carbons 
Elemental composition (wt%)  Surface functional groups (mmol/g) 
Carbon 
Carbon Hydrogen Nitrogen Oxygen*  Carboxylic Lactonic Phenolic Total acidic Basic Sum 
PS80 74.2 1.29 4.20 20.3  0 0 0.225 0.225 1.16 1.385 
PC90 79.3 0.99 11.9 7.81  0 0 0.475 0.475 1.21 1.685 
CS80 81.1 0.62 11.1 7.18  0 0 0.185 0.185 1.04 1.225 
CC90 82.0 0.70 11.7 5.60  0 0 0.190 0.190 0.624 0.814 
A-20 94.6 0.02 0.44 4.94  0 0 0.375 0.375 0.321 0.696 
W10-W 90.1 0.04 0.50 9.36  0.09 0.08 0.315 0.485 0.019 0.504 
*calculated by difference. 
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Oxygen complexes are predicted to be basic in nature and may comprise of carbonyl 
groups including ketones and pyrones [31, 32].    
From Table 4.2, it is evident that PAN derived activated carbons were mainly 
basic due to the absence of principal surface acidic functional groups, namely 
carboxylic and lactonic groups.  The presence of phenolic groups, however, signifies 
the interaction between the reactive carbon surface and moisture in air after activation.  
The basicity of activated carbon, in general, is attributed to delocalized π-electrons 
and electron-donating groups that can behave as Lewis bases.  A considerable amount 
of carboxylic and lactonic groups in W10-W, enable it to be distinguished from PAN 
derived activated carbons in adsorption and desorption studies. 
Tables 4.3 and 4.4 compile the properties of steam-activated PAN fiber 
formerly underwent the oxidation treatment at different temperatures.  It is worth 
pointing out that steam activation for the treated fibers was progressed at 800 °C for 
15 min.  Thirty min of activation seems inappropriate because the treated fibers were 
easily degraded at a higher temperature.  This can be seen in Table 4.3, where the 
oxidation treatment results in the increasing burn-off and mesopore content especially 
when the temperature rises to 400 and 450 °C.  The variation of surface area amongst 
the steam-activated PAN fibers was 10-15 %, which is in agreement with that shown 
in Fig. 4.5.  With a slight deviation in surface area, the influence of oxidation 
treatment on the removal of metal ions can be easily carried out.   
From Table 4.4, the decrease of H/C ratio of raw PAN fiber in oxidation 
treatment could be attributed to the dehydrogenation of PAN linear structures to form 
heterocyclic aromatic structures.  Dehydrogenation is expected to continue in steam 
activation due to the graphitization process.  
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Table 4.3 Yield and textural characteristics of steam-activated PAN fibers formerly treated at different oxidation temperatures 
 Pore characteristics 
Carbon 
Yield P 
(%) 
Yield A 
(%) 
Wa/Wp 
 
SBET 
(m2/g) 
Smi 
(m2/g) 
Vtotal 
(mL/g) 
Vmi 
(mL/g) 
Rme (%) Davg (nm) 
P30S 83.3 29.8 0.358  676 606 0.345 0.276 20.1 2.04 
P35S 79.5 26.9 0.338  681 614 0.351 0.277 21.0 2.06 
P40S 60.0 13.8 0.230  795 700 0.407 0.314 22.9 2.05 
P45S 53.5 9.37 0.175  711 604 0.394 0.270 31.5 2.24 
Yield P: post-oxidation yield, Yield A: activation yield, Wa/Wp: product ratio of activation and post-oxidation.  
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Table 4.4 Elemental compositions of PAN fiber, treated fibers and steam-activated PAN fibers 
Elemental composition (wt%)  Atomic ratio 
Sample 
Carbon Hydrogen Nitrogen Oxygen*  H/C N/C O/C 
PAN 69.9 4.73 25.4 0  0.068 0.364 0 
P30 57.6 2.43 20.0 20.0  0.042 0.346 0.347 
P35 57.2 1.86 20.8 20.1  0.032 0.364 0.351 
P40 55.6 1.61 22.8 20.0  0.029 0.410 0.359 
P45 53.9 1.43 26.6 18.2  0.027 0.493 0.337 
P30S 70.6 1.36 7.46 20.6  0.019 0.106 0.292 
P35S 73.2 0.91 8.22 17.7  0.012 0.112 0.242 
P40S 69.1 1.49 6.78 22.6  0.022 0.098 0.327 
P45S 67.2 1.31 15.2 16.4  0.020 0.226 0.243 
*calculated by difference, H/C: hydrogen to carbon, N/C: nitrogen to carbon, O/C: oxygen to carbon.
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Oxygen complexes were integrated with PAN fiber to form a stable structure during 
oxidation treatment, thus increased the O/C ratio.  However, a part of these oxygen 
functionalities probably diminished in steam activation [15] or may evolve again once 
the reactive surface exposed to air.   
Obviously, P45S gives the highest value of nitrogen content.  It is suggested 
that the degree of cyclization and conjugation can prevent the further elimination of 
nitrogen during activation.  Similarly, the remaining nitrile or amine functional groups 
in the non-cyclized structures can be easily released at 800 °C, thus decreasing the 
N/C ratio.  Notwithstanding that, the elimination of some nitrogen moieties during 
graphitization process is inevitable because of the crosslinking and polycondensation 
reactions among the stable structures of PAN.  Song and co-workers [22] described 
the nitrogen functionalities of PAN based activated carbon fiber as pyridinic, pyrrolic, 
quaternary nitrogen and nitrogen oxide. 
The above explanations can be visualized in Fig. 4.8.  To give a clear picture, 
this schematic only focused on the possible changes of nitrile of PAN linear structure, 
where the other potential functionalities including carbonyl and phenolic groups were 
purposely excluded.  It is estimated that the loopholes of missing delocalized             
π-electrons were produced in the activation of oxidized fibers initially treated at 300-
350 °C.  This definitely results in the imperfect formation of graphitic structure.  
Conversely, a near-ideal graphitization can be anticipated in the activation of polymer 
ladder structures of oxidized fibers previously treated at 400-450 °C.   
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Figure 4.8 Possible structural changes of PAN fiber in oxidation treatment and steam activation. 
 4-25
4.3.3 Adsorption and desorption studies 
 
Fig. 4.9 shows the adsorption and desorption profiles of (A) 20 ppm Cu(II) 
and (B) 40 ppm Pb(II) by steam-activated PAN fibers (PS-series).  The growing trend 
of adsorption and desorption is related to the increase of surface area as the activation 
temperature increases.  PS80 shows the highest uptake capacity of Cu(II) and Pb(II) 
of 0.19 and 0.22 mmol/g, respectively.  PS60, having the surface area of 4.86 m2/g 
(Fig. 4.4), exhibits the lowest removal capacity of Cu(II) and Pb(II) of 0.0132 and 
0.0080 mmol/g, respectively.  PS60 displayed a higher recovery of 88 % for Cu(II) 
and 90 % for Pb(II) in comparison with other PS-series activated carbon fibers.  
About not more than 30 % of these metal ions were able to be recovered in desorption 
by PS80, which infers a strong interaction between the adsorbates and the surface of 
activated carbon as the surface area increases.  In Cu(II) and Pb(II) adsorption, the 
amount of protons adsorbed increased with increasing surface area, thus increased the 
solution pH from its initial value.  A greater values of desorption pH than that of 
adsorption in Fig. 4.9B implies a relatively weaker affinity of PS-series activated 
carbon fibers towards Pb(II), as protons still adsorbed on their surface in desorption.  
Moreover, Pb(II) solution bearing PS80 became cloudy in adsorption because of 
excessive removal of protons.  The increase of alkalinity in solution gives a suitable 
environment for the formation of precipitate complex of Pb(OH)2 at pH 6.6 [33]. 
Fig. 4.10 illustrates the adsorption and desorption performances by different 
activated carbons derived from PAN fiber under the same initial concentrations of 
metal ions.  Two commercial ACFs, namely A-20 and W10-W were employed for 
comparison.  In general, PAN-ACFs (PS80 and PC90) show a superior performance 
than other activated carbons for Cu(II) and Pb(II) removal.     
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Figure 4.9 Adsorption and desorption of (A) 20 ppm Cu(II) and (B) 40 ppm Pb(II) 
by steam-activated PAN fibers of different activation temperatures.  Symbols of 
adsorption () and desorption (○) represent the equilibrium pH at which the final 
concentration was measured. 
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Figure 4.10 Adsorption and desorption of (A) 20 ppm Cu(II) and (B) 40 ppm Pb(II) 
by activated carbons derived from PAN fiber and commercial ACFs.  Symbols of 
adsorption () and desorption (○) represent the equilibrium pH at which the final 
concentration was measured. 
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A lower removal capacity by CS80 and CC90 was associated with a smaller 
BET surface area than PAN-ACFs.  Clearly, PS80 showed a greater capacity than 
PC90, while CS80 gave a better removal than CC90.  For both precursors (fiber and 
coke), steam was found better than CO2 for generating a higher surface area to 
accommodate Cu(II) and Pb(II) ions.  A-20 and W-10W, however, showed a poor 
performance in comparison with activated carbons derived from PAN fiber.  Although 
possessing a 2.6 times bigger surface area than PS80, the performance of A-20 was 
undoubtedly inferior.  A-20 displays only 0.0463 and 0.0641 mmol/g for Cu(II) and 
Pb(II) uptake, respectively, which are 3-4 times lower than that of PS80.  Relatively 
abundant acidic functionalities in W10-W also provide a little contribution on the 
removal of metal ions as opposed to activated carbons derived from PAN fiber.   
W10-W shows a lower removal capacity of Cu(II) and Pb(II) as compared to A-20 
because of a lower surface area but exhibits a slightly strong interaction to Cu(II) and 
Pb(II) due to its rich surface acidic functional groups.  Yet, a smaller ratio of 
adsorption to desorption by commercial ACFs in comparison with that of activated 
carbons derived from PAN fiber signifies a weaker interaction between the adsorbates 
and the active sites in the absence of nitrogen-rich surface.  Therefore, surface area 
and/or surface acidic functionalities are not the sole factors that may influence the 
removal of metal ions and its affinity onto the carbon surface.  Obviously, the 
nitrogen-rich content of activated carbons derived from PAN fiber plays a significant 
role in enhancing the uptake of Cu(II) and Pb(II) ions.  It is expected that the removal 
of these metal ions onto the nitrogen-rich surface was through a coordination 
mechanism [6, 7, 34].  
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In Fig. 4.10A, PC90 displays a 3 times bigger ratio of adsorption to desorption 
than PS80.  This is thought to be caused by a higher composition of nitrogen in PC90 
(Table 4.2), which provides a strong coordination to Cu(II) ions.  From Fig. 4.10B, 
Pb(II) precipitation was also occurred by PC90 but the cloudiness of the solution was 
less intense than that of PS80.  In a non-adjusted solution pH, the removal of Pb(II) by 
PAN-ACFs could be described as a hybrid of adsorption and precipitation.  It is 
noteworthy that the presence of stable precipitate complex decreases the concentration 
of metal aqua ions, thus partly nullify the amounts of adsorption and desorption.  To 
validate this phenomenon, an acidic solution of pH 3.7 was used in the adsorption and 
desorption of PAN-ACFs (the results are differentiated by the last alphabet H; PS80H 
and PC90H).  In this case, the solutions remained clear from sediments during 
adsorption and desorption.  Clearly PS80H showed a greater capacity than PC90H, 
where the equilibrium pH was identical at 5.7.  Similar to that of Cu(II) removal, the 
ratio of adsorption to desorption by PC90H was slightly higher than that of PS80H, 
even though the solution for desorption was acidic.     
Effect of oxidation treatment prior to steam activation on the removal of Cu(II) 
and Pb(II) is demonstrated in Fig. 4.11.  The removal capacity was found to increase 
with increasing oxidation temperature, which reflects the rising degree of cyclization 
and conjugation to form polymer ladder structures.  This is associated with the 
increase of N/C ratio throughout the oxidation treatment.  It is evident that the 
nitrogen content gives a more influence on the uptake of Cu(II) and Pb(II) over the 
role of surface area.  For instance, in Fig. 4.11A, P45S (SBET: 711 m2/g; N/C: 0.226) 
showed the highest removal capacity of Cu(II) of 0.32 mmol/g, which is about 68 % 
greater than that of PS80 (SBET: 886 m2/g; N/C: 0.057).   
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Figure 4.11 Adsorption and desorption of (A) 20 ppm Cu(II) and (B) 40 ppm Pb(II) 
(solution pH 3.7) by steam-activated PAN fibers formerly treated  at different 
oxidation temperatures.  Symbols of adsorption () and desorption (○) represent the 
equilibrium pH at which the final concentration was measured.
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This is also true for Pb (II) adsorption where P45S displayed a removal of about 27 % 
higher than PS80H (Fig. 4.11B).     
From Fig. 4.11A, it is noted that the higher the N/C ratio, the greater the ratio 
of adsorption to desorption.  P45S showed a higher value of adsorption to desorption 
of 5.8, a 1.5 times higher than that of P30S.  This infers that nitrogen moieties not 
only serve as the active sites but also offer a strong interaction with the adsorbed 
species, particularly to Cu(II) ions [7, 35].  Despite increasing the metal uptake, the 
increase of N/C ratio also increased the capture of protons.  This effect becomes 
prevalent where Pb(II) solution bearing P45S was precipitated in adsorption although 
the solution pH was altered to 3.7.   
Apart from nitrogen content, phenolic groups and delocalized π-electrons may 
also involve in the removal of metal species [4].  It can be estimated that the decrease 
of electron density due to loopholes on the graphitic structure (as visualized in        
Fig. 4.8) decreases the Cπ-cation interactions.  On the other hand, the presence of 
considerable amount of nitrogen by a proper oxidation treatment may increase the 
density of π-system through its electron donating characteristic, thus increases the 
removal of metal ions through Cπ-cation interaction.  It is clear that, without 
sufficient nitrogen content, A-20 revealed a trivial adsorption of metal species 
although exhibits a considerable amount of phenolic group, basic in nature and 
possesses the highest surface area among the activated carbons studied. 
 
 
 
 
 
4-32 
4.4 Conclusions 
 
The present chapter demonstrated the feasibility of activated carbons derived from 
PAN fiber to remove heavy metals from aqueous solution.  Two precursors, i.e., fiber 
and coke, were used to prepare activated carbons through gasification in steam and 
CO2.  Activated carbons derived from PAN fiber are highly microporous with pores 
concentrated at the supermicropore region.  Steam was found better than CO2 to 
generate a higher surface area, but results in a lower yield.  PAN-ACFs showed a 
better performance of Cu(II) and Pb(II) removal in comparison with commercial 
ACFs.  High amount of nitrogen content plays a significant role over the effect of 
surface area and surface acidic functional groups in enhancing the adsorption of Cu(II) 
and Pb(II) ions.  Oxidation treatment prior to steam activation was beneficial to 
minimize the nitrogen loss.  Because the lesser the nitrogen loss upon activation, the 
greater the removal of metal ions, and the stronger the interaction to the active surface.  
Cu(II) ions showed a relatively stronger coordination onto the nitrogen-rich surface.  
PAN-ACF is foreseen to be the candidate of adsorbent in heavy metals remediation 
from aqueous solution       
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Chapter 5 
 
Concluding remarks 
 
 
5.1 Role of nitrogen-rich surface 
 
Cattle-manure-compost (CMC) and polyacrylonitrile (PAN) were used to 
prepare activated carbons (ACs) rich in nitrogen content.  ACs were characterized by 
BET surface area, elemental compositions and Boehm titration, while batch 
adsorption technique was employed to determine the metal-binding capacity.   
Chapter 2 demonstrated the feasibility of CMC as activated carbon precursor 
for heavy metal adsorption.  Adsorption of heavy metals by CMC based activated 
carbon (CMC-AC) can be well described by the Langmuir model.  CMC-AC showed 
a more preferable adsorption towards Cu(II) than Pb(II).  It is suggested that nitrogen-
rich content of CMC was behind this phenomenon.  A slight improvement of Cu(II) 
removal capacity was observed after de-ashing the CMC-AC.  In the absence of 
principle acidic functional groups after out-gassing, the removal capacity of Cu(II) by 
CMC-AC was better than that of commercial F400.   
In Chapter 3, the influence of ZnCl2 activation ratio and solution pH on the 
removal of heavy metals was investigated.  Results indicated that, the increase of 
surface area and mesopore content favored the removal of Cu(II), while CMC-AC 
rich in surface acidic functional groups showed a selective adsorption towards Pb(II).  
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It is presumed that the favorable removal of Cu(II) over Pb(II) by CMC-AC was due 
to nitrogen-rich surface and mesopore content.  At varying solution pH, CMC-AC 
demonstrated a better performance than F400 for Cu(II) removal.  
Investigation on the role of nitrogen-rich surface was extended using activated 
carbons derived from PAN fiber, as presented in Chapter 5.  Results demonstrated 
that nitrogen-rich surface overruled the effect of surface area on the removal of heavy 
metals.  Oxidation treatment was important to reduce the amount of nitrogen loss 
during activation.  It is proposed that the extent of nitrogen loss in steam activation 
was due to the incomplete formation of cyclized structure during oxidation treatment.  
A greater amount of nitrogen remained after activation assists a higher uptake of 
Cu(II) and Pb(II), but the interaction to Cu(II) was found stronger.   
In conclusion, the relationship between nitrogen-rich surface and heavy metals 
uptake has been established.  Activated carbons rich in nitrogen content were feasible 
to remove heavy metals from aqueous solution.  They are anticipated to be the 
adsorbent candidates especially for Cu(II) removal from aqueous solution.   
 
 
5.2 Recommendations for further work 
 
 Activated carbons rich in nitrogen content have been proven feasible to 
remediate metal-polluted water.  A number of areas can be further explored to find 
extra information for industrial scale implementation.  In author’s view, the following 
aspects can be suggested for future work, 
1.  Regeneration of spent activated carbon and its reusability for repetitive operation. 
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2.  Kinetics and thermodynamics studies for identifying the optimum operating 
conditions. 
3.  Column studies to establish the parameters required for industrial-scale treatment 
process. 
4.  For a broader application, activated carbons rich in nitrogen content can be tested 
to adsorb a wide spectrum of heavy metals ranging from the poisonous ones 
(cadmium, arsenic, mercury, antimony, etc.) to the precious ones (gold, silver, 
palladium, etc.). 
5.  A common industrial effluent usually consists of a mixture of heavy metals.  
Therefore, it would be beneficial to evaluate the suitability of nitrogen-rich activated 
carbon in removing a two- or multi-component system.     
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